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Abstract 


The change that takes place with the sunspot cycle of distortional characteris- 
tics in the daily variation of the /2-region on the magnetic equator is investigated 
herewith using Huancayo data during about one sunspot cycle. It is found that the 
type of the daily variation of f,/2 shows a systematic change with the sunspot 
cycle and that this change in type of f,F2 daily variation is also fairly closely 
connected with the phase shift in the geomagnetic S, variations. Thus it would be 
confirmed that the change in type of the daily variation of f,F2 with the sunspot 
cycle is interpreted mainly by the phase shift of the vertical drift, associated with 


the geomagnetic variation. 


1. Introduction 


Some years ago, Dr. Hirono and the author (1954, 1955; hereafter referred to as 
Part I) examined the relation between the geomagnetic S, variation and the vertical 
electron drift in the F2-region on the magnetic equator, according to the idea (so- 
called “drift theory”) proposed originally by Martyn (1947, 1948), and found that the 
calculated daily variations of the F2-region, under consideration of the vertical drift due 
to the electric field accompanied by S,-current, have a striking resemblance to those 
observed on and near the magnetic equator. At the same time, it was also suggested 
that the change of characteristics in the daily variation of the F2-region with the 
sunspot cycle may be accounted for by a slight shift of the phase of the drift. This 
paper examines in more detail the relation between the characteristic of fyF2 daily 
variation for years of various sunspot numbers and the phase of the geomagnetic S, 
variation which associates with the vertical drift. It is really regrettable that, for 
lack of available data, the height h,,f2 at which the electron density is maximum 
cannot be dealt with here. The data used are the hourly values of /,F2 for years of 
1938-46 and 1957-58 at Huancayo, Peru. ~ 


2. Characteristics in the Daily Variation of f,F2 


It seems from observed results that the daily variations of fF2 on the magnetic 
equator have, in general, two maxima; one in the forenoon (at about 0900 h) and the 
other in the afternoon (at about 1700h). And. the relative magnitude of these two 
maximum values changes fairly systematically with the sunspot number, that is, at few 
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Table 1. Characteristics in the daily variation of f(,F2 on the magnetic equator 
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sunspot epoch the maximum value in the forencon is smaller than that in the afternoon; 
whereas at many sunspot epoch the former is greater than the latter. Hence, it may 
be convenient to classify the types of 
the daily variation of fF2 as shown in — 
Table 1, where the symbols AM, M 
and PM mean respectively that the 
original (undistorted) daily variation 
of foF2 is much distorted in the fore- 


* | noon, noon and afternoon. In this 
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corresponds roughly to R (sunspot number)=70. 


3. The Phase of S; and the Typ2 of f,F2 Daily Variation 


It has been pointed out in Part I that the different types in the daily variation of 
foF2 are theoretically interpreted by a slight shift of the phase of the drift. It will 
therefore be desirable to verify this result by observed facts. 

On the magnetic equator, the vertical drift velocity of electrons (or ions) in the 
F2-region is given by 


(1) 


where H is the geomagnetic total intensity, and £, is the eastward directed electrostatic 
field. On the other hand, the electrostatic field in the F-region can be derived 


approximately from the geomagnetic variation at the ground by the relation 


4H 
Dae =I,=K,Ey. (2) 
Since it seems that this electrostatic field in the E-region extends to the F-region, as 


pointed out in Part I, we have from (1) and (2) 
Vagos ee (3) 


where 4H is the horizontal component of geomagnetic S, variation, and K, is the east- 
ward conductivity. ; 

As suggested by Maeda (1955) the phase of the daily variation of K, is almost 
independent of the sunspot number, so that the change in the phase of Vz,, with the 
sunspot cycle is mainly due to that of 4H. Thus, if the drift theory is correct for the 
interpretation of equatorial distortion in the F2-region, a good correlation will be 
expected between 4fF2/4t and the phase of 4H. Moreover, as it was also suggested 
in Part I that the main term of Vz,, is diurnal, we used here, for simplicity, the 
diurnal phase of 4H. Precisely speaking, however, the diurnal phase of 4H/K, should 
be used instead of 4H. Fig. 2 shows the relation between the mean value of 4/,F2/dt 
and that of the diurnal phase of 4H for the five international quiet days of each 
month. Although the exact relation may not be determined for lack of data, a fairly 
good correlation may be seen between them, as shown by the correlation coefficient 
of about 0.76, on the average. 


4. Discussion and Conclusion 


As will be seen in Fig. 2, the correlation between 4/F2/4t and the phase of 4H 
is not always satisfactory. This will be due to the following reasons: (1) 4foF2/4t 
used here may be inadequate for indicating the distortional characteristic in fjF2, on 
theoretical point of view; (2) if there is a slight shift in the phase of the daily 
variation of K, with the sunspot cycle, the use of the phase of 4H instead of 4H/K, 
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Fig. 2. Relation between 4f/,F2/dt and the diurnal phase of 4H (horizontal component of Sy), 


where y denotes the correlation coefficient. Mean values for the five international quiet days of 


each month of the years 1938-46 and 1957- 58 at Huancayo. . 
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27-Day Recurrence of Cosmic-Ray Intensity at the 
Minimum Solar Activity 


By Masahiro KODAMA 


The Institute of Physical and Chemical Research. 
(Read October 10, 1956; Received May 7, 1959) 


Abstract 


There exists, in general, the close negative correlation between the 27-day 
recurrence tendency of cosmic rays and that of solar activity. Both recurrences 
have, however, the positive correlation during several months at the minimum 
solar activity. This phenomenon suggests that there may be at all times some 
solar emission of cosmic-ray particles, which is not observable except the short 


period at the minimum solar activity. 


, 


1. Introduction 
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We previously proposed (Kodama 1956) that some part of low energy cosmic-ray 
particles were usually emitted from the sun, by analyzing the 27-day recurrence and the 
concurrent diurnal variation of cosmic rays. The data used for that analysis were 
being obtained during the period from October 1954 to July 1955. In order to ascertain 
‘whether or not the above phenomenon is transient, studies must be extended to the 
data before and after the period above mentioned. 

In the present paper, the analysis of the data before October 1954 and after July 
(1955 were reported. It has been, moreover, studied for the meson components observed 
at Huancayo_ and Cheltenham ale ee correspond to the minimum ake of 

solar activity. 
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B. October, 1954—March, 1955 " 4 
C. April-July, 1955 " eB 
D. August-November, 1955 y 4 
E. December, 1955-March, 1956 y 2 


The 27-day recurrences of cosmic rays and solar noise are shown in Fig. 1. The 
results previously reported just correspond to that in the period B. Unfortunately, we 
have no data for the neutron component before October 1954, because the observation 
had not yet been begun. And the result for the neutron component in the period C 
has not so sufficient reliability owing to the lack of some data. Errors illustrated in 
the figure are standard deviations. 
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Fig. 1 27-day recurring variations of solar noise and ccsmic rays, observed at 25°N 


geomagnetic latitude. 


Next, data of the ionization chambers at Huancayo and Cheltenham were divided 


into four periods: 


I. January-September, 1944 Number of “epoch” days i 
II. October, 1944—March, 1945 " h 
II. April-September, 1945 " i 
IV. October, 1945-March, 1946 " 7 


In these cases, sunspot relative numbers were adopted as “epoch” days in stead 
of solar noises, of which no observations were made before November 1951. Fig. 2 
shows the results for sunspot numbers and ionization chamber data. 


3. Interpretations and Discussions 


As previously proposed, we have the image that it is natural to be explained the 
positive correlation between cosmic rays and solar activity by the solar emission rather 
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Fig. 2 27-day recurring variations of cosmic rays observed at Huancayo 
and Cheltenham. 


than by the modulation effect (Morrison Parker 1956) of magnetic clouds emitted from | 
the solar active regions. It is the next problems to clarify whether or not a solar = 
emission happens during a special period only, or, from October 1954 to July 1955, and 


also how relation exists between the increase effect by emissions and the decrease 
effect by modulations. 
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It is clear from Fig. 1 that the correlation of the neutron component against the 
solar noise gradually change from positive to zero and then negative during the periods 
from B to E. A similar tendency is probably seen for the meson component, too. 
And besides, the above correlation is negative in the period A. 

The average diurnal variations during seven days of which centre ayaa are the 
maximum and minimum days of cosmic-ray neutron intensities for ers yak B in 
Fig. 1 are reproduced in Fig. 3:(Kodama 1956). 0) soinedan sti snca% . 
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Fig. 3. The diurnal variations averaged by Fig. 4. The schematic representation of the decrease 
taking the maximum and the minimum and the increase effects for cosmic rays against 
days of cosmic-ray neutron intensities the secular variation of solar activity. 


in Fig. 1 as its centre. Solid curves 
show 3-hr running averaged values. 


clouds and so on. While, the increase effect means the intensity increases of cosmic 
rays by some emissions from the sun. Time variations of both effects are in pro- 
portion to that of solar activity. 

Now, it is possible to correspond the observed facts with the abscissa of Fig. 4. 
Each periods are shown by arrows, respectively. For an example, the correlation 
between cosmic rays and soalr activity in the period C is negligibly small for the 
neutron component, but negative for the meson component. This fact means that 
the decrease and the increase effects just cancel with each other for the former, while the 
decrease effect is predominant to the increase effect for the latter, due to the less 
emissions in the higher energy particles of cosmic rays, which comes from the assump- 
tion 3. 

The results in the period B and III support the assumption 2. This assumption 
was also inferred from the analysis of secular variations of cosmicray latitude effects. 
(Fukushima et al) The assumption 1 was deduced from the view that it is more 
plausible to consider the emission as the non-transient phenomenon rather than 
as the transient, because the cosmic-ray particles probably may be emitted from 
the active regions on the sun. The phenomenon of the different diurnal variations 
as shown in Fig. 3 has not been found out in other periods except B. This seems to 
be due to that the anisotropy of primary cosmic rays is not kept on up to the earth 
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for the scattering or absorption by the more intense magnetic clouds. 


4. Conclusions 


The correlation between the 27-day recurrence of cosmic rays and that of solar 
activity is always negative except the period-of the minimum solar activity. The 
time variation of that correlation suggests that some emission from the sun must be 
taken into account in addition to the phenomenon of the intensity decrease of cosmic 
rays due to the magnetic clouds, supposed by Morrison or Parker et al. 

It is desirable in order to ascertain the above suggestion that IGY plan also should 
be performed at the minimum of solar activity. 

The author wishes to express his hearty thanks to Prof. Y. Sekido and Dr. Y. 
Miyazaki for their encouragement in this study. 
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Abstract 


By use of Chree’s superposed-epoch method, investigation was made of the 
recoveries of cosmic-ray intensities, horizontal components of geomagnetic field 
and sunspot areas following remarkable ‘‘ Forbush-type decrease.’’ (1) Cosmic- 
ray intensities and horizontal components of the geomagnetic field show recovery 
curves which resemble each other, but the curve of sunspot areas remains as a 
lower level than those of the former two. (2) Cosmic-ray intensities show an 
exponential recovery until the 26th day, with 14.7 days mean life. On the other 
hand, sunspot areas show such recovery until only the 11th day, with 7.3 days 
mean life. (3) On the recovery-curve of logarithms of cosmic-ray intensity 
decrements, there exists a knee at the 4th day. It is proposed as an assumption 
that this knee corresponds to the escape of the earth out of the corpuscular 


stream ejected from the sun. 


1. Introduction 


There exist two types of cosmic-ray intensity decrease. The one is the “ Forbush- 
type decrease”, which was found by Forbush (1937) and Hess and Demmelmair (1937) 
from the observation of cosmic-ray intensities, by the use of ionization chambers. This 
type, as well known, has the following character: cosmic-ray intensities abruptly 
decrease and reach minimum within two or three days, then recover gradually over a 
period of almost one month. The other type of decrease is the “slow irregular 27-day 
recurrent variation”, which was found by Simpson and his coworkers (Simpson ; 1954, 
Meyer, Parker and Simpson; 1954, 1956) from the observation of cosmic ray intensities, 
by the use of neutron detectors. This type is as follows: cosmic-ray intensities decrease 
gradually and recover gradually, each lasting for about 14 days (total 27 or 28 days). 
The curve of variation of cosmic-ray intensities is almost symmetrical in respect to the 
point of minimum intensity. Further, this variation recurs strongly according to the 
27-day periodicity of solar rotation. 

Now, recently Brown (1957) investigated the correlation between neutron intensities 
and sunspot areas during the period before and after the unusual increase of cosmic- 
ray intensities which occurred on Feb. 23, 1956. During the period before and near 
that unusual increase (January and February), neutron intensities showed the “slow 
irregular 27-day recurrent variation” type decrease and in this case there was good 
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correlation between neutron intensities and sunspot areas. On the other hand, during 
the period after the unusual increase (March and April), neutron intensities showed 
the “Forbush-type decrease” and in this case there was not any evident correlation 
between neutron intensities and sunspot areas. 

In the present paper, the relation between the recovery of cosmic-ray intensities 
and sunspot areas following remarkable “Forbush-type decreases” was further in- 


vestigated. 


2. Data 


Cosmic-ray intensity I: Data obtained by Lange and Forbush (1948) at Huancayo, 
Peru (Geographic longitude 75.3°W, geographic latitude 12.0°S, 
geomagnetic latitude 0.6°S, altitude 3350m above sea level), 
from June, 1936 to December, 1946. Corrected for barometer 
effect. 

Horizontal components H of geomagnetic field and sunspot 

areas A: Data obtained at Kakioka Geomagnetic Observatory, Japan 
(geographic longitude 140° 11’E, geographic latitude 36° 14’N), 
(Geophysical Review, Published by the Japanese Meteorological 
Agency, Tokyo, June, 1936—December, 1946). 

Geomagnetic activity C in place of H and sunspot relative number R in place of 

A were also investigated. C and R gave similar results as H and A, respectively. But, 

the results of C and R were less clear cut than those of H and A, respectively and so 

the results of calculations on the former two were not reproduced in this report. 


3. Statistical Results (1) 


Statistical method: The number of “a” class decreases of cosmic-ray intensities 
among the observation results at Huancayo which amount to <—2% are total 14, 
shown in Table I. Also, the number of “b” class decreases of cosmic-ray intensities 
which amount to —2% <AI<—1.5% are total 12. : 

In Table I, the dates of minimum of cosmic-ray intensities at es stations ceed 
ees Cheltenham, Huancayo and Christchurch) and the dates of their mean 
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Table I. Dates of minimum of cosmic-ray intensities at the time of ‘‘ Forbush-type 


decreases’”’ (‘‘a’’ class) 
Date of minimum of cosmic-ray intensities 
No Mean Godhayn Cheltenham Huancayo Christchurch 

ra lt Apr. 29, 1937 — Apr. 27 Apr. 29 Apis 

Sia Jan. 17, 1938 a Jan. 17 eto, thy digo, 18 

aot Apr. 15, 1938 — Apr. 16 Apr. 14 Apr. 14 

“tad” Sep. 30, 1938 — Sep. 28 Sep. 30 Octyarell 

Sao Apr. 25, 1939 Apr. 25 Apr. 25 Apr. 25 Apr. 25 

feeaGe:) (May 6, 1939) (May 6) (May 6) (May 6) (May 7) 

BS ais Apr. 1, 1940 Apr. 1 Apr. 1 Die AXore, Al 

bic: Roig Mar. 2, 1941 Mar. 2 Mar. 2 Mare @2 Weis, 2 

Sa Qe? Mar. 1, 1942 Mar. 1 Mar. 1 Mar. 1 Mar. 2 
| pralQ;** Feb. 8, 1946 Feb. 8 Feb. 8 Feb. 8 Feb. 8 
. ‘aie Mar. 29, 1946 Mar. 29 — Mar. 28 Mar. 29 
; Sah Dit May 9, 1946 May 9 May 11 May 8 May 9 
eee dct 2 Jul. 27, 1946 Jule Afulls  Pary lea G —— 
“ala” Sep. 23, 1946 | Sep. 23 Sep. 22 Sep. 23 Sens 


Table II. Number of days required for decline of cosmic-ray intensities at the time of | 
“‘Forbush-type decreases’’ (‘‘a’’ class) © 


Number of days required for decline of cosmic-ray intesities 


No Mean _| Godhavn Cheltenham Huancayo Christchurch \ 

“al” 4534.7 = Ore sco SS 6 

Seas 127 — a ee ek 2 

He Ok 3.0 or 7.0 Sas 4 or 11 4or9 1 

Sad 2” 4.0 or 7.3 aa 3 < or 9 | 5 orm 10 

‘ead ” Daye _ S | - 3 Ag - 3 S. | 2 

(“26”) | (4.5) ree (5) ssc Somehuiene 6o0 

age’ 4-3 Otte di 3 “al rams) bs PSG ee ae 2 or 9 

J BAe % 20) | 5% oS a 2 _ fees ees : renee z ee 

BE) a9" 1.0 eta Wee! eae oa. 1 ae 
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Fig. 1. Cosmic-ray intensities (upper curve), horizontal components of geomognetic field 
(middle curve), and sunspot areas (bottom curve) obtained by Chree’s super- 
posed-epoch method are plotted against time. O day is the date at which 13 
cases of ‘‘Forbush-type decrease’’ occurred. Sunspot areas are drawn in 
reversed scale. 


the horizontal components of geomagnetic field and sunspot areas, as shown in Fig. 1 
by the middle and the bottom curves. — = aE 
Results (1): pccuesronditiato the minimum peak Ps cosmic intensities 
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and Murakami; 1956, also see, Simpson; 1954, Meyer, Parker and Simpson; 1954, 1956). 
However, from the stand point stated in the introduction, the dates at which especially 
remarkable “ Forbush-type decreases” occurred were selected as 0 days in this case. 


4. Statistical Results (2) 


Statistical method: From Fig. 1, it seems that the recovery curve of sunspot areas 


remains at a lower level than those of cosmic-ray intensities and horizontal components 
of geomagnetic field. In order to make more clear this circumstance, the following 
calculation was carried out. 

In the first place, the means of the middle ten days between —27 day and 0 day, 
between 0 day and +27 day, between +27 day and +54 day, and so on are calculated. 
However, for the case of sunspot areas, the means of middle ten days between —29 
day and —2 day, between —2 day and +25 day, between +25 day and +52 day, etc. 
are calculated, because they take their maximum value at —2 day. 


These means as well as the minimum (or maximum) values are plotted in Fig. 2, 
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Fig. 2. Cosmic-ray intensities (solid line: -——), horizontal com- 
ponents of geomagnetic field (dotted line: o---- o), and 
sunspot areas (broken line: A—-—-— J\) are plotted against — 
time. 


using the following normalization. For the case of cosmic-ray intensities, the difference 
of cosmic-ray intensity between the minimum value and the mean from —9 to —18 
day are taken as 10024 decrement. For the case of sunspot areas, the difference bet- 
ween the maximum value and the mean between —11 and —20 day are put as 100% 
increment. For the case of horizontal components of geomagnetic field, the difference 
between the mean of values of 0, +1, and +2 day which is considered as minimum 
value and the mean between —9 and —18 day are used as 100% decrement. 

Results (2): As seen from Fig. 2, the recovery curve of cosmic-ray intensities and 
that of horizontal components of geomagnetic field are very closely similar to each 
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Fig. 1. Cosmic-ray intensities (upper curve), horizontal components of geomognetic field 
(middle curve), and sunspot areas (bottom curve) obtained by Chree’s super- 
posed-epoch method are plotted against time. O day is the date at which 13 
cases of ‘‘ Forbush-type decrease ”’ occurred. Sunspot areas are drawn in 
as scale. 

ae horizontal components of geomagnetic field ant sunspot areas, as shown in Fig. t _ 

by the middle and | the bottom, curves; | ~ uingiae! & ae 


Rpts iL) tor sponding to ae minimum | “peak of cosmic-ray i 


Recovery of Cosmic-Ray Intensities after-the “ Forbush-Type Decrease”’ 15 


and Murakami; 1956, also see, Simpson; 1954, Meyer, Parker and Simpson; 1954, 1956). 
However, from the stand point stated in the introduction, the dates at which especially 


remarkable “ Forbush-type decreases” occurred were selected as 0 days in this case. 


4. Statistical Results (2) 


Statistical method: From Fig. 1, it seems that the recovery curve of sunspot areas 


remains at a lower level than those of cosmic-ray intensities and horizontal components 
of geomagnetic field. In order to make more clear this circumstance, the following 
calculation was carried out. 

In the first place, the means of the middle ten days between —27 day and 0 day, 
between 0 day and +27 day, between +27 day and +54 day, and so on are calculated. 
However, for the case of sunspot areas, the means of middle ten days between —29 
day and —2 day, between —2 day and +25 day, between +25 day and +52 day, etc. 
are calculated, because they take their maximum value at —2 day. 


These means as well as the minimum (or maximum) values are plotted in Fig. 2, 
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Fig. 2. Cosmic-ray intensities (solid line: -——+), horizontal com- 
ponents of geomagnetic field (dotted line: o----~ °), and 
sunspot areas (broken line: A—-—-— /\) are plotted against 
time. 


using the following normalization. For the case of cosmic-ray intensities, the difference 
of cosmic-ray intensity between the minimum value and the mean from —9 to —18 
day are taken as 100% decrement. For the case of sunspot areas, the difference bet- 
ween the maximum value and the mean between —11 and —20 day are put as 100% 
increment. For the case of horizontal components of geomagnetic field, the difference 
between the mean of values of 0, +1, and +2 day which is considered as minimum 
value and the mean between —9 and —18 day are used as 100% decrement. 

Results (2): As seen from Fig. 2, the recovery curve of cosmic-ray intensities and 
that of horizontal components of geomagnetic field are very closely similar to each 
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I) and the others with even numbers (6 cases, named group II). Means are taken in 
the respective groups. The plots of log AI against time in each case are shown in 
Fig. 4. As seen from Fig. 4, in each case the part between 0 and +4 day clearly is 
not a part of straight line after +4 day and the knee can be seen at about +4 day. 
The mean life c of AI is 9.0 days in group I and 20.0 days in group IL. 

For reference, cosmic-ray intensities of group I and group II during the period 


between —54 day and +54 day are shown in Fig. 5. 


6. Discussion 


(i) When eruption occurs in a developed sunspot, a corpuscular stream is ejected 
from it. If the earth should enter this stream, the cosmic-ray and geomagnetic storms 
take place on the earth. 

Results (1): In Fig. 1, maximum of sunspot areas is shown to occur at —2 day, 
corresponding to minima of cosmic-ray intensities and horizontal components of geo- 
magnetic field at 0 day. This fact shows that it takes two days on the average for 
the corpuscular stream to reach the earth after leaving the sun. (3.5x10* km/sec.> 
velocity of stream> 1.7 x10? km/sec.) 

Also, evident decreases of cosmic-ray intensities and horizontal components of 
geomagnetic field can not be seen at —27 day and —54 day. This fact shows that 
such remarkable ‘“ Forbush-type decreases” as selected here occur when the stream 
ejected from the sun sweeps the earth for the first time. 

(ii) Next, according to Morrison’s theory (Morrison; 1956, also see, Sekido, Wada, 
Kondo and Kawabata; 1955, M. Hirono ; 1957) and that of Parker (1956) which modified 
Morrison’s theory, the mechanism of cosmic-ray intensity decrease is thought to be as 
follows. The corpuscular stream ejected from the sun is almost fully ionized and forms 
so-called plasma. In this plasma, according to Alfvén’s idea (1950), the magnetic field 
of the sunspot is frozen, which becomes an irregular magnetic field as a result of the 
disturbed motion of matter in the plasma. When the earth is passing through the 
corpuscular stream, cosmic rays flying to the earth suffer scattering by the irregular 
magnetic field in the corpuscular stream and absorption by the mass of the earth. 
After the earth has passed out of the corpuscular stream, a part of the plasma is 
captured by the gravitational field of the earth and cosmic-ray intensity on the earth 
continues to decrease. On the other hand, according to Chapman and Ferraro’s theory 
(1931, 1932, 1933) on geomagnetic storms, an equatorial ring-current flows in the plasma 
around the earth and thus the horizontal components of the geomagnetic field decrease. 

Results (8a): According to the above considerations, the decreases of cosmic-ray 
intensities and horizontal components of geomagnetic field are both connected with the 
nature of plasma in the corpuscular stream. This is the reason for similarity between 
the recovery curve of cosmic-ray intensities and that of horizontal components of the 
geomagnetic field in Fig. 2, although detailed explanation is not possible at the present. 
On the other hand, the recovery curve of sunspot areas differs from and remains in 
the lower level than the curves of cosmic-ray intensities and horizontal components of 
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the geomagnetic field. This will be understood by the reasoning under results (3b). 

Results (3b): In Fig. 3, cosmic-ray intensities recover until +26 day exponentially, 
but sunspot areas do until only +11 day. Furthermore, the mean lives of both com- 
ponents are different from each other. This fact is considered to possess significance 
as follows. The corpuscular stream, though it continues to be ejected from the sunspot, 
ceases to strike the earth as the sun rotates. But, after that time, cosmic-ray intensities 
continue to decrease because of the presence of plasma captured by the earth in its 
gravitational field. And, as the plasma is diffused and lost from the earth, cosmic-ray 
intensities continue to recover. Sunspot areas would give the measure of the nature 
of plasma in the stream according to Brown (1957), but would not regulate the behavior 
of plasma captured by the earth, after the stream has ceased to strike the earth. Thus 
it seems natural that the recovery curve of cosmic-ray intensities is different from 
that of sunspot areas. 

Results (3b): From the above point of view, the assumption seems reasonable 
that the knee which can be seen at +4 day in the plot of log AI against time corres- 
ponds to the escape of the earth out of the stream. From this very day to +26 day, 
AI recovers exponentially with 14.7 days mean life. 
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Abstract 


By the solar magnetic observations, it seems that the sun has a magnetic 
field of dipole character such that the intensity is about one gauss in the polar 
latitude regions and its polarity is inverse that of the earth. If this field results 
from a magnetic dipole that the sun may have, the value of this dipole moment 
is estimated as about 5x10 gauss. cm’. On the assumption that the magnetic 
field from this dipole spreads out the outer space surrounding the sun, the orbits of 
the solar cosmic ray particles have been calculated based on some additive assump- 
tions. It is concluded from these results that the solar dipole magnetic field 
mentioned above does not exist between the sun and the earth as it is since the 
existence of this field can not explain phenomena of the cosmic ray unusual 
increases associated with the large solar flares observed five times during the 
past. Therefore, although the magnetic field extending from the polar regions 
into the outer space is regarded as closing each other in this space, the features 
of this field may be remarkably different from the dipole character. Then, a 
probable configuration in the interplanetary space of the solar general magnetic 


field is introduced and discussed. 


1. Introduction 


During the past twenty years, the cosmic ray unusual increases have been observed 
five times. Although the details of the large sudden intensity increases of cosmic 
rays have not yet been solved, it has been believed that the cosmic ray particles pro- 
duced by the acceleration mechanisms which act most effectively on the sun or its 
neighbourhood propagate into the interplanetary space and then arrive at the earth. 
These so-called solar cosmic rays propagate into the interplanetary space, but when 
they pass through the earth’s orbit, a part of them impinge to the earth by the in- 
teraction with the earth’s magnetic field. In the initial stage of the cosmic ray intensity 
increases, the observation of the incident cosmic ray particles shows the remarkable 
anisotropy since the rate of the increases at each observatory is considerably different 
from each other. This can not be expected if the distribution of the solar cosmic rays 
outside of the earth’s magnetic field is isotropic. | 

With respect to the causes of such anisotropies, Schliiter (1951) and Firor (1954) 
and others have carried out the extensive calculations and analysed the observed results 
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and then interpreted that the most part of the solar cosmic rays arrive from the direc- 
tions of the solar neighbourhood and then impinge to the earth under the influence of the 
earth’s magnetic field, producing the so-called impact zones and the background zones. 
From the good agreement between the theoretical calculations and the observed results 
(Firor, 1954), it has been made clear that the unusual increases of the cosmic ray in- 
tensity are the solar origin and concluded that the productions of the cosmic ray 
particles may really occur near the sun on the occasions of the flares. According to 
the statistical investigation by Firor (1954), it is also clear that the cosmic ray particles 
are generated near the sun in these cases of the moderate flares (importance 1 or 2) 
though the increasing rate is small. The existence of the magnetic fields other than 
the earth’s is not taken into account in the solar cosmic rays incident to the earth; 
generally the calculations of the solar cosmic ray orbits had been carried out based 
on the assumption that these cosmic ray particles produced on the sun do not ex- 
perience any electromagnetic influences till they approach the neighbourhood of the 
earth (Firor, 1954; Jory, 1956; Liist, 1957; Ltist and Simpson, 1957; Liist 1958). Since 
the existence of the impact zones or the background zones deduced from the calcula- 
tions based on the above mentioned assumptions and the spread of the apparent cosmic 
ray source seen from the earth are good agreed with the observed facts, it may be 
expected that the influence on the solar cosmic rays of the magnetic fields which may 
exist between the sun and the earth is negligible at most. From such point of view, 
it may inversely be searched the properties of the magnetic fields which are thought 
to exist between the sun and the earth, or more generally in the interplanetary space. 
According to the recent observations by the solar magnetogram, there are magnetic 
fields on the solar surface at higher latitudes>-+55° and their polarities are opposite 
at both poles (Babcock et. al, 1955; 1958). Only in the both polar regions, the magne- 
tic fields appear to be dipole character, the order of the field intensities is about one 
gauss and their polarities are positive at the north pole and negative at the south pole, 
this polarity law is inverse to that of the earth. Though the magnetic fields in the 
equatorial regions on the sun are anbiguous, if we assume these fields in the polar 
regions to originate from the existence of the magnetic dipole in the sun, it can be 
estimated from the evidences descrived above that the sun may have a magnetic 
dipole moment (M,) of the upper limit 


M;=5 x10 gauss. cm3, 


The magnetic field produced from this dipole moment would spread out from the solar 


neighbourhood into the outer space and perhaps its lines of force would close through 
the space around the sun since div H=0. 


There is no evidence that the magnetic field produced from the dipole spreads into © 
the interplanetary space as it is even if this field is the dipolar in the both polar 
regions. Especially, as it is clear that sunspots appear in the lower heliographic latitude 
regions< +30° following the solar cycle and their magnetic fields are violently dis- 
turbed, it must be investigated the features and the properties of these magnetic fields 
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and their spread into the interplanetary space. 

While, before the results of the observations by the solar magnetogram had been 
published, Treiman (1954) has estimated the magnitude of the dipole magnetic moment 
of the sun which did not conflict with the observations of the solar cosmic rays under 
the existence of the dipole magnetic field of the sun. After he had assumed that the 
cosmic ray particles are originated and accelerated in the neighbourhood of the sun, 
i.e. within the sphere with radius 1/5 a.u., and thereafter these high energy particles 
propagate into the interplanetary space, and that the solar magnetic fields are violently 
disturbed within this sphere, but outside this sphere the dipole magnetic field of the 
sun is predominant, he has estimated the upper limit of that dipole moment with the 
results of the analysis by Firor (1954). The result obtained by him is in good agree- 
ment with the present observations by Babcock et. al. (1955; 1958). 

On the 23rd of February, 1956, the largest of the solar cosmic ray increases among 
the past five times occured and many valuable data have been obtained because the 
observation equipments in each country had been completely established before the 
beginning of the I.G.Y. At present, it has been studied in detail the features and the 
mechanisms of the propagations of the solar cosmic rays, or the physical properties 
of the interplanetary space with those data (see, for example, Nuovo. Cim. Supplment, 
Vol. 8 Ser. 10 Nr. 2, 1958). 

In this paper, we shall examine the orbits of the solar cosmic ray particles in the 
dipole magnetic field of the sun in detail as possible, in relation to the studies by 
Treiman (1954) and the various observed results at the Feb. flare, 1956 and thereafter 
we shall consider the physical properties of the magnetic fields of the sun or in the 
interplanetary space from the comparisons of those orbit calculations with the observed 
results. 


2. Orbits of the Cosmic Ray Particles Produced from the Sun in the 
Dipole Magnetic Field of the Sun 


In this section, we will study the motions of the cosmic ray particles in the dipole 
magnetic field of the sun based on the observed facts and some additive assumptions 


and then obtain their orbits. 
A. Fundamental Observed Facts 


As descrived in section 1, there is an evidence that the sun has the magnetic field 
of the dipole character in the higher latitude regions. At present, it is not clear whether 
its magnetic lines of force maintain the dipole character itself and spread into the 
outer space surrounding the sun. Then, from the hydromagnetic point of view, it may 
be inferred that the magnetic field is much deformed. On the other hand, a con- 
sideration on the configurations of the magnetic fields around the sun has been dis- 
cussed (Gold, 1958). 

From the features of the polar rays seen above the higher latitude regions in the 
solar corona, it is enforced to infer that the magnetic field of the dipole character 
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may be much regularly in those regions. On the other hand, we can derive that in 
the equatorial regions the peculiarity of the solar magnetic field may be very remar- 
kable. At any rate, if we assume the magnetic field surrounding the sun to be pro- 
duced from the magnetic dipole of the sun, we can estimate the magnitude of its 
dipole moment as about 510% gauss. cm*. It will be allowed to estimate that the 
magnetic field from the above dipole exists in the interplanetary space in some forms. 

The unusual increases of the cosmic rays associated with the large solar flares 
were observed five times during the past. The important features observed on these 


events are shown in Table 1. 


Table 1. Great flares which have generated cosmic ray bursts 


Positions Mag 

No. Date Importance Seen Solar activity : 

Long. Lat. % 

1 1942 Feb, 28 3+ E.04 +07 G |__ decreasing Z 
2 1942 Mar, 7 ? W.90 +07 _ decreasing 
3 1946 Jul, 25 3+ E.15 +22 G increasing 
4 1949 Nov, 19 3+ W.70 —02 — decreasing 
5 1956 Feb, 23 3+ W.80 +20 G increasing 


Although it has not been made clear by what mechanisms the charged particles 
are accelerated to cosmic ray energies, it has been shown that the cosmic ray particles 


i a ot 


are generated from some acceleration mechanisms in the neighbourhood of the sun 
and then propagate into the interplanetary space (Hayakawa and Kitao, 1956; Parker, 
1957). 

The solar cosmic ray particles generated by some acceleration mechanisms pro- 
pagate into the interplanetary space from the solar neighbourhood and move into the 
outer space as experiencing scattering or trapping by the magnetic fields which are 
supposed to exist in the interplanetary space ; and then, a part of these particles arrive 
at the earth under the influence of the earth’s magnetic field. The observed features 
of the solar cosmic rays incident to the earth are in agreement with the theoretical 
calculations, and especially the cosmic ray particles impinge to the impact zones pre- 
dominant at the beginning of-the increases, that is, the solar cosmic rays approach the — 
oe a tt late atberhot uli np eeemne ina of the 
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generated within this sphere move randomly and diffuse to the outer space. The 
existence of the turbulent magnetic regions in the solar neighbourhood have already 
been inferred by Sekido and Murakami (1955) and Liist and Simpson (1957) from the 
investigations on the solar cosmic rays in the different ways from Treiman’s. 

Here, we will use the same assumptions as Treiman’s about the outside of the 
sphere descrived above, that is, the dipole magnetic field would be predominant outside 
that sphere. The direction of the solar dipole is opposite to that of the earth and the 
magnitude of the dipole moment (Mj) is about 5102 gauss. cm*. We will examine 
to what directions the cosmic ray particles produced at the sun move after they have 
been emitted from this sphere surface. The reason why we adopt such a model is due 
to the fact that the cosmic rays with the order of energy which the solar flares produce 
can not leave from the dipole magnetic field of the sun (see Appendix). Therefore, 
the solar cosmic rays should diffuse outward through the turbulent sphere at first and 
they should begin to experience the actions of the dipole magnetic field outside the 
sphere. 

We calculate the orbits of the solar cosmic ray particles in the dipole magnetic 
field of the sun with the assumptions descrived above. 


C. Results of the Calculations 


We shall calculate the so-called asymptotic vectors (Aq, ¢.), at infinity from the sun, 
of the solar cosmic ray particles which are ejected vertically outward from the. latitude 
A on the sphere assumed, with the notations shown in Fig. 1. 
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Table 2. Asymptotic vectors (20,0) in the equatorial plane ; shown in degrees 


eB | Stormer 16W 16N 0 16E 
7.45 0.71 ee 613 él 4 12:8 
6.86 0.682 90.6 oe 67.0 17.9 
5.66 0.62 116.0 88.7 85.6 63.5 : 
5.34 0.60 Meee ort 94.0 70.2 : 
5.06 0.585 41.5 108.0 101.3 76.0 ; 
4.80 0.57 159.4 114.8 110.2 2.6 
4.58 0-555 "| “Soa 15°86 121.3 90.3 
4.41 0.546 | 929.9 i640 129.0 95.5 
4.16 0.531 ie Sra iced 
3.92 0.516 178.0 119.0 
3.69 0.50 re 


Table 3. Asymptotic vectors (he, Go) of the orbits ejectedfron latitude 2 
( a) A = 10° ; { cc’ e ‘ 
= “Asymptotic 
“nergy |a,.- vectors 
(Bev) Stormer B = a 


CHAS OFF) UGS TiGir 0:9’) 259.7 
6.92 | 0.683} 1.42 | —0.4 | 65.1 
5-96 02634 |) 1,63. |, —5.6. | 90.0 
| 4.97 | 0.581 | 1.67 | —6.6 | 96.9 
Siar | ose) 1.72) 2755" | ic 
| 4.49 | 0.551 ) 


—X..— 
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We treat from the equatorial regions 2=0° to the latitude 4=45°, and especially 


the equatorial regions in the more detail. 
Values of the asymptotic vectors (A, ¢.) obtained from the above calcculations 


are tabulated in Tables 2 and 3. Some examples of the particle orbits ejected vertically 
Outward in the heliomagnetic equatorial plane with the values obtained above are 
shown in Fig. 2, and in Fig. 3 the (Axo Yo) diagrams on the vertically outward ejections 
are shown for the latitudes and the particle energies. From these results obtained 


cae 
at 
pe 
il 
Pe 
7 
7 
4 
/ 
/ 
f 
é 
f 
t 
( 
! 
t 
{ 
' 
\ 
\ 
\ EMITTING POINT 
\ PARTICLE 4.84 Bey 
\ 
\ ORBIT OF OUTGOING 
> &. PARTICLE 
aoe H 
LS 
“ t.°% 
~ Pact 
Pree, 4 
EARTH{S OREIT == —7=—— 
- es is indet cypeilte one pits ints Rat hee ee lanl 8 
al Fig. 2. Orbits of Outgoing Particles in Heliomagnetic Equatoaial Plane. 
Ze a. a ae ib >t Jiayinhsies Inyo agin eee 
‘tis el tir ie te ia te pe = 
t boewignetl) atagqa| ave eee 


+r1) fine ay 


rex. tarts meh iol ay oeey 


bd) (esp ityesoilt is ey te esliiaret edna 


3 


28 K. SakURAT 


Unit: Bev 


) 50 100 150 3 200 250 
Feo 
Fig. 3 (b). Diagrams of Asymptotic Vectors of Outgoing Particles ; 
A= 10°Sands20°4 


above, it follows that, when the solar cosmic ray particles leave from the dipole — 
magnetic field of the sun into the outer space, all their orbits show a tendency 


to spread out westward with respect to the heliomagnetic longitude seen from 
the sun. 


3. Comparisons with the Observations 


The calculations and the experiments regarding the orbits of the solar cosmic ray 
particles incident to the earth under the influence of the earth’s dipole magnetic field 
have been carried out extensively (Firor, 1954; Jory, 1956; List, 1957; Brunberg, 1956). 
When we compare the observed facts on the solar cosmic rays with these theoretical 
or experimental results, we can see that both they agree considerably. Therefore, it is 
concluded that the most of the particles arrive at the earth from the directions of the 
sun or as neighbourhood nd Poy for the above explanations it is neccesary that there 
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the dipole magnetic field exists predominantly in the interplanetary space, the magnetic 
field seen on the both higher latitudes of the sun may spread into the outer space 
around the sun and must close throgh that space. Whatever these fields may be 
deformed or twisted, the intensities of these fields 10-°~10-* gauss along the sun-earth 
lines, and therefore it may be very important to know in what manner these magnetic 
fields extend into the interplanetary space. 

In the next place, we suppose that the direction of the magnatic dipole moment 
of the sun is the same as that of the earth. While this supposition conflicts with the 
observations by Babcock et. al. (1955; 1958), it seems that the observed facts on the 
solar cosmic rays are interpreted on the whole even if the dipole moment of the sun is 
of the order of magnitude estimated previously. That is, there is no contradiction bet: 
ween the unusual cosmic ray increases associated with the large solar flares in the 
western sides of the sun and the existence of the dipole magnetic field of the sun. 
However, it is impossible to suppose that the direction of the solar dipole is the same 
as that of the earth because there are the definite evidences observed by Babcock et. al. 
(1955; 1958). Therefore, as the existence of the dipole magnetic field of the sun and 
the turbulent magnetic fields of the magnitude estimated previously, too, make the 
clear anisotropy in the beginning of the cosmic ray unusual increases impossible, it must 
be again considered in what manner these solar magnetic fields spread into the outer 


space surrounding the sun. 


4. The Solar General Magnetic Fields and the Properties of the 
Interplanetary Space 


It has been made clear in sections 2 and 3 that the supposition of the dipole 
magnetic field of the sun in the interplanetary space is contradictory with the 
phenomena of the solar cosmic rays. As it is not favourable to interpret the pheno- 
mena of the solar cosmic rays even if the dipole field is turbulent chaotic by some 
mechanisms, it may be expected that the distribution of the solar magnetic fields must 
be restricted in the interplanetary space. The observations of the solar cosmic rays 
show that, in the beginning of the increases, they show a very clear anisotropies 
with respect to their incidence to the earth and thereafter remove to the isotropic 
incidence gradually. But, it is difficult to conclude that the degrees of the anisotropic 
incidence in the initial stage are similar to all the solar cofmic rays associated with 
the large solar flares of the past five times. 

While the anisotropies in the cases of the cosmic ray unusual increases on February 
23, 1956 and July 25, 1946 were not very sharp, those of the other three events were 
very clear (Firor, 1954; Liist and Simpson, 1957). This fact seems to show their relation 
to the solar activity. 

On the occasions of the cosmic ray unusual increases, the impact zones and the 
background zones are produced on the earth and then the features of the intensity 
variations in the both regions are considerably different. The increasing rates in the 
impact zones are sharp compared with those of the background zones and the so-called 


30 K. SakuRAr 


“half lives” in the intensity decline are about 2.5 hours in the impact zones and 7.5 
hours in the background zones, in the latter case being very slowly (Singer, 1958). If 
the isotropic incidence is attained in the very early stage, the large differences between 
the both zones must be vanished quickly. However, as there are no such facts, we are 
tempted to suppose that the anisotropic distribution of the solar cosmic rays may be 
existent in the interplanetary space for the compratively long time. It has been shown 
that the very low energy particles (<1 Bev) like the high energy particles were also 
ejected and trapped in the space around the earth for ten and several hours (Van Allen 
and Winckler, 1956; Winckler, 1957). In consequence, after attained the isotropic dis- 
tribution in the interplanetary space, the solar cosmic rays are trapped in this space 
for the relatively long time. 

On the other hand, from the view point of the solar observation, polar rays seen 
on the higher latitudes of the sun appear to be variable following the solar activity. 
Gold (1958) has shown from the consideration on the features of these polar rays that 
the magnetic field of the dipole character in the equatorial regions of the sun may 
extend into the outer space and produce the coronal streamers near the sun, and that 
the general magnetic fields of the sun, even if that of the dipole character, extend 
radially outward from the equatorial regions embedded in the coronal streamers. The 
magnetic fields of the tongue type like this have been used for the purpose of the 
explanations on the solar cosmic rays by Cocconi et. al. (1958). It may be able to 
show the possibility of producing a kind of such fields hydromagnetically. In the polar 
regions on the sun, since the magnetic fields of the dipole character with intensity 
of the order of one gauss are always been found, we may suppose that the magnetic 
fields there are very regular in the outer space spread from these regions. 

In general, although it seems that the rotating celestial body which has the dipole 
magnetic field may produce the magnetic cavity around it by the interaction with the 
ionized gases moving in the outer space (Dungey, 1958), it can be expected that the 
cavity, if any, is always broken in the lower latitude zones since the sun is violently 
disturbed following the solar cycle and the ejections of the ionized gases seem to 
develop in these zones for all times. Consequently, it is possible to adopt such a model 
that the general magnetic fields in the equatorial regions extend radially outward into 
the interplanetary space. It is, however, a room to discuss whether the fields spreading 
radially are fairly regular or not, because, even if the general magnetic fields produced 
from the dipole exist in the distorted forms, their intensities are about 10->~10-¢ gauss 
between the sun and the earth and, accordingly, the above intensities are not favourable 
for the explanation of the solar cosmic rays. It may be inferred that there are the 
small irregularities superposed on the regular magnetic fields (Dorman, 1958). More- 
over, it can be expected that the lines of force of the general magnetic fields of the 
sun which extend radially outward into the interplanetary space from the cavity are 
dragged and distorted under the influence of the solar rotation and then become a 
kind of the spiral forms (Cocconi et. al., 1958; Parker, 1958b; 1958c). From the above 


considerations, we may see why the flares originated on the western sides of the sun 
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can produce the unusual increases of the cosmic rays generally. It may be concluded 
that the cavity surrounding the sun can trap the cosmic ray particles and these par- 
ticles shall leave from the equatorial regions of the cavity as propagating into the 
interplanetary space. As the general magnetic fields of the sun may be relatively 
regular in the equatorial regions and extend radially outward, the cosmic ray particles 
produced on the sun should propagate at first along these magnetic lines of force. 

In the last section, we have made clear that the existence of the dipole magnetic 
field of the sun is contradictory with the interpretation of the solar cosmic rays 


decisively, but this contradiction can be excluded with help of the discussions in this 
section. 


5. Concluding Remarks 


From the discussions in previous sections, we can conclude that a dipole magnetic 
field which seems to exist in the sun does not spread in the heliomagnetic equatorial 
regions and that the magnetic field has a peculiar configuration in these regions, 
extending radially outward. However, as the details of these problems are not yet 
solved, it must be treated the interactions of the solar general magnetic fields with 
the ionized gases emitted from the sun in the more detail in future. 
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Appendix 


Limiting Momenta deduced from the Dipole Magnetic Field of the Sun 

We can estimate the limiting momenta which the orbits of the charged particles 
are opened to infinity from the solar surface by the calculations similar to the theory 
of the geomagnetic effect of the cosmic rays. 

We assume that the magnitude of the magnetic dipole moment of the sun is 5 x 10%? 
gauss. cm? and the magnetic field produced from this dipole spreads into the outer 
space as it is. 

If we take, like the theory of the geomagnetic effect, 

s— | 12elMs 
2G. 
as the unit of length, where Ze, P, and M, are the charges, the momentum of the particle 
and the dipole moment, respectively. Then, any distance 7’ from the center of the sun 
can be expressed in the following ; 


r'=sr 


At point 7’, the orbits of the particles having the momentum larger than 
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are always allowed in any directions on the solar surface and then the orbits of the 
particles less than 


Prax 


daam Opes: 


are forbidden in all directions. 


The minimum momentum of the particle which is ejected radially outward from 
the circle with radius 7’, its orbit being connected with infinity, is given by Pnax/4. 

These values obtained with the assumptions Z=1, and r’=solar radius (=7 x 10'° cm) 
are as follows: 


ee a ee 


Prax 3.3 X10*Bev/c 
IER REI PS 10°Bev/c 
P,=8.3X10°Bev/c, 


where P, is equal to Puax/4. 

Consequently, it follows that in the lower latitudes of the sun only the particle with 
momentum larger than a few thousands Bev/c can leave the dipole magnetic field of 
the sun. From the above results, it may be suggested that the general magnetic field 
of the sun must be also considerably different from the dipole character in order that 
the most of the cosmic rays associated with the a solar flares arrive at the 7 
from the directions of the solar neighbourhood. — ; 

The relation between the distance r’ from the center of re sun and the momenta 
of Prax, Pmin, and P, at that point is shown i in Fig. 4 in the case which the solar mipole 
magnetic moment is 5x10 gauss. cm’, 
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It follows from this figure that the limiting momenta Prax, Pmin, P, in the case of 
r'=1 a.u., i.e. the distance between the sun and the earth are 
Pra 0, OBbevyc 
P,=0.15Bev/c 
Pmin=0.1Bev/c 


respectively, where in Fig. 4 the unit of 7’ is taken 79=1.22X10'% cm for convenience. 
We can see that it is impossible to explain the cut-off near P=1.5Bev/c in the 
general cosmic rays as the effect of the dipole magnetic field of the sun though such 
explanation was tried by Jandssy (1937) and others. 
From the above results, we adopt the sphere with radius 1/5a.u. since the orbit of 
the particle with 4 Bev/c is opened to infinity from this sphere surface as shown in 
Fig. 4. 
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LETTER TO THE EDITORS 


The Critical B-Values in the Geomagnetic Effect of Cosmic Rays 


(Received July 30, 1959) 


When the cosmic ray particles impinge to the earth, their orbits are deflected by 
the earth’s magnetic field and it is well known that their minimum momenta, so-called 
limiting momenta, which the cosmic ray particles can arrive at each geomagnetic 
latitude can be estimated from the theory of the geomagnetic effect. 

In general, these limiting momenta can be determined as follows. If we take the 
integration constant to be B, the Stérmer integral of motion of a charged particle 
becomes 


a 


rcosAcosy + cosh =B, c= 
r 


where the integration constant B is 
the angular momentum of the particle 
at infinity from the magnetic dipole 


and other notations are shown in Fig. 


i. 

Eqn (1) is transformed to ; tee. A fs - 

2 ; ie oe Particle obit 
Be se Osh <6 
cosy = eRe TL Ss oh aes ( ZA ) w © ne N tangent of orbit 
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an axis in these east-west direction and a semivertical angle y; which is obtained 
from (4) by replacing the>sign by the equal sign. Since the values of B may take various 
values in fact, we can not conclude this assumption B=2 to be quite right. And then 
we will obtain the better approximation for this in the following form. 

This approximation is obtained by introducing a critical B-value at each geomagnetic 
latitude 4, say B., and assuming that, for r<1, all directions corresponding to the 
directions with 
BEM IEA COSA (r<1) ( 


cosy < COS; ;=— ~ 
rCOsaA fe 


on 
we 


are forbidden. Therefore, all other directions are allowed. Consequently, the values 


Ne tMotek iy ki nodbupcomenetic of B, must depend on the geomagnetic latitude 2. Such 


latitude 2 a calculation has already been tried by Lemaitre and 

Geomagnetic {| “a | Vallarta (1933) numerically. They treated the cases 
: = —) atk | from the equator to the geomagnetic latitude 2=30°. 

10° | 1.95 Here we will extend these calculations to the higher 

20° | 1.82 latitude with the above several equations and show 

25° 1.697 some of the results obtained. 

30° 1.61 First, Table 1 shows the relation between the geo- 

ut 1.34 magnetic latitudes 4 and B,. Among the values obtained 

a z 5 in this Table, the values from 4=0° to A2=30° are agreed 

55° 0.87 with the values obtained by Lemaitre and Vallarta (1933). 

60° 0.71 When we solve Eqn (1) with respect to 7, we obtain 

65° 0.56 the following expression : 

70° 0.40 

80° 0.14 r= VB.—4cos*Acosy +B, (6) 

m 2cos?A 


After introduced the ordinary unit of lenght and Pyg,=59.3 Bev/c for Eqn (6), the 
following equation can be deduced: 


4 
4cos*A (7) 


PO, 1)=P aX . 
(A, 7) { ./B.—cos*Acosy +B,}* 


Here, P(A, y) is the smallest momentum which can reach the earth from the outside 
at latitude 2 through an angle 4 to the east-west direction. After such procedures, 
the minimuim momenta of the cosmic ray particles incident to each geomagnetic latitude 
4 can be gotten. In general, since the existent two accessible regions for B=2 are 
connected on the equator near 7y=1 and the inner region passes through infinity, the 
minimum momenta at each latitude, in other words the limiting momenta, have been 
calculated from the assumption B=2. However, from Table 1, B,. is dependent on the 
latitude. Naturally, although the values of the momentum calculated from the as- 
sumption B=2 give the nearly exact limiting momenta for each 4 and ;, the particle 
having momentam corresponding to B larger than B, can not arrive horizontally at 
each geomagnetic latitued 2. In cosequence, the particles with momenta between 
momenta corresponding to the real B-values and to B,=2 can arrive at the earth 


~~ 
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naturally, but they can not reach the earth horizontally at each latitude 2 (Montgo- 
mery, 1949). 

Next, we shall calculate P(A, 0) for y=0, P(A, x) for y= and P(A, 7/2) fori; =7/2. 
P(A, z/2) corresponds to the vertical incidence to the earth at geomagnetic latitude 2 
and equal to Pnax/4. ds eal 

Their values are obtained with B,-values in Table 1. For comparisons with the 
limiting momenta calculated on the assumption B,=2, we shall show both of these 
values and the values of the present calculations in Table 2. 


Table 2a. Limiting mementa caluculated from Table 2b. Limiting momenta from B,-values 


the assumption B, =2 in Table 1 

i from east verticrl from west 4 from east vertical from west 

(7 =0) (y=2/2) (r=2) (y=0) (y=2/2) | (r=2) 

59.2 14.8 10.14 OF 59.2 14.8 10.14 
10° 38.1 13.9 9.76 10° 58.0 14.6 9.95 
20° 22.8 11.4 8.47 20° Laat, ff 1B oe 9.62 
29° 17.6 10.0 7.4 30° 5253 12.8 8.88 
30° 135 8.33 6.45 40° 45.4 11.4 7.85 
40° Wel 5.09 4,22 50° Sho LS 6.45 
50° 2.94 220¢ Wo} 60° 29.8 7.4 4.97 
60° 0.98 0.92 0.9 Goze 26.0 6.03 3.91 
65° 0.49 0.47 70° 20.2 5.08 

0.35 0.2 80° | 9.7 2.74 Lisi 


We can see from this Table that the differences between limiting momenta are 
very remarkable in the moderate latitudes. Mi 
In concluding, the author wishes to express his sincere thanks to Prof. Y. Tamura 
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“World-wide distribution of Cosmic-Ray Neutron Intensity at Sea Level” M. 
Kodama (J. Geomag. Geoele. 10, 37, (1959).) 

Fig. 12 was given incorrectly, for geographic coordinates were adopted in place 
of geomagnetic coordinates in the calculation of cut-off rigidities. A corrected figure 
is given below. 


CUT-OFF RIGIDITY 
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Meeting of the Society of Terrestrial Magnetism and Electricity : 

The 25th General Meeting was held at the Tokyo University on May 25-27, 1959. 

Number of the Reports read at the Meeting: 
Rock Magnetism, 8; Atmospheric Electricity, 4; Atmospherics, 8 ; Geomagnetism, 
19; Ionosphere, 14; Cosmic Rays, 12; Night Airglow, 4; Reports on Antarctic 
Research Expedition, 6; Special Problem on Rockets. 

Tanakadate Prize was awarded for the following excellent worker: 

The 22th, Mr. M. Kowano; 
Researches on the Diurnal Variation of Atmospheric Electric Field. 

The 23th, Mr. T. Shimazaki; 
A Theoretical Study of the Dynamical Structure of the Ionosphere. 

The 24th, Mr. S. Kato; é 
Wind Systems in the Ionosphere. — 


The Symposium on Pulsations and Rapid Variations in Geomagnetism and Earth 
Currents was held on April 3-4, 1959 at the lecture-hall of KDD (Kokusai Denshin 
Denwa Co. Ltd., Tokyo). 

Thirteen papers were reported at this Meeting, and these papers were published on 
the Special Number of the Journal (Vol. X, No. 4). 
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